Models of the dipper effect seen in contrast discrimination experiments predict that small amounts of noise should facilitate detection of a subthreshold sinusoidal grating. Although facilitation of chromatic sine waves has been measured with chromatic or luminance noise, a facilitory effect of luminance sinusoidal gratings has not been measured, most likely because the stimulus characteristics were not tuned for revealing facilitation. The present study measures contrast detection thresholds (CDTs) of sinusoidal gratings in two-dimensional, static, band-limited white noise and low-pass and high-pass filtered noise using a two-interval forced-choice paradigm. The results show facilitation in near threshold white noise of middle frequency sinusoidal gratings, and facilitation in filtered noise of sinusoidal gratings whose frequency is far outside the pass band of the noise. Based on these results, a model of contrast detection thresholds is modified such that the facilitation is attributed to reduced observer uncertainty caused by small amounts of noise. © 1998
INTRODUCTION
Contrast discrimination thresholds are modulated in a non-linear manner when the signal stimulus is displayed on a contrast pedestal. As the pedestal contrast increases, the contrast discrimination threshold first decreases and then increases approximately linearly when plotted on log-log coordinates. The initial decrease in the discrimination threshold is known as the dipper effect, and the pedestal contrast producing the minimum value of contrast discrimination threshold is near the contrast detection threshold.
The dipper effect is seen with both uniform and sinusoidal signals, and both luminance and chromatic signals (Cole, Stromeyer, & Kronauer, 1990; Legge & Foley, 1980; Yang, Qi, & Makous, 1995; Ross, Speed, & Morgan, 1993; Eskew, Stromeyer, Picotte, & Kronauer, 1991; Mullen & Losada, 1994; Switkes, Bradley, & De Valois, 1988) . The shape of the contrast discrimination threshold versus pedestal contrast (TvC) curve is dependent on a number of spatial variables, including relationship between spatial frequency, phase, and orientation of the pedestal grating and spatial frequency, phase and orientation of the signal grating. When temporal frequency, spatial frequency or orientation of the pedestal grating is significantly different from that of the stimulus grating, both facilitation and masking are much reduced Foley, 1994; Legge & Foley, 1980) , although facilitation is more narrowly tuned than masking (but see Switkes et al., 1988) . When the phase of the pedestal grating differs by 90 deg from the stimulus grating, there is no facilitation, and elevation of contrast discrimination thresholds is much less . Several models have been proposed to explain the dependence of TvC curves on spatial variables (Graham, 1989) . I describe only a few representative models to illustrate some of the mechanisms which are thought to be responsible for the shape of the TvC curves. According to linear subthreshold summation (Kulikowski, 1976 , the response of a visual channel to the test and pedestal are summed, and the observer detects the stimulus if the filter output exceeds the threshold. The channel is often modeled as a linear filter. The facilitation arises because the sum of test plus pedestal exceeds threshold, even though both the test and pedestal by themselves are below threshold. In probability summation, channel responses to different signal components are combined non-linearly, prior to application of a threshold. The drawback of these models is that, as stated, they cannot explain suprathreshold masking. In order to explain both subthreshold summation and suprathreshold masking, many models include a 267 268 K.T. BLACKWELL eta. sigmoid non-linearity, which is accelerating for small channel responses and compressive for large channel responses (Wilson & Gelb, 1984; Solomon & Pelli, 1994; Henning, Hertz, & Hinton, 1981; Losada & Mullen, 1995 : Legge & Foley, 1980 Foley, 1994; Switkes et al., 1988 ). In the model by Legge & Foley (1980) , the visual channel is modeled by a linear filter followed by a nonlinear transducer function and additive Gaussian noise. The decision rule is to identify the visual channel whose responses in the two intervals have the greatest difference, and choose the interval in which this channel's response is greatest. Foley (1994) modified the Legge-Foley model to include divisive inhibition, and is able to explain facilitation observed when the orientation of the pedestal is different than the orientation of the signal stimulus. In the latter two models, as well as other models in which the channels are modeled as a linear filter followed by a sigmoid non-linearity, the dipper and masking are due to the non-linearity, and the dependence on spatial variables may be attributed to the spatial characteristics of the linear filters. (A discussion of the significant differences between these models, e.g. interactions between visual channels, c.f. Switkes et aI., 1988; Foley, 1994 , is beyond the scope of this paper.) Another type of model used to explain the dipper effect is the uncertainty model. According to the uncertainty model (Pelli, 1985) an observer monitors many channels of information, only a small subset of which are relevant to the detection task. One mechanism whereby the pedestal facilitates detection is that the pedestal increases the activity in the relevant channels, without increasing activity in the irrelevant channels. An alternative mechanism is that the pedestal allows the observer to ignore some of the irrelevant channels; the resulting decrease in the uncertainty of some aspect of the stimulus decreases the threshold.
Many of these models, i.e., those that predict the dipper effect, also predict that measurement of contrast detection threshold (CDT) in noise should produce a dipper effect because measurement of grating contrast discrimination thresholds are analogous to measurement of grating contrast detection thresholds in noise. The signal stimulus is a grating for both cases; the background is either a single sinusoid (for discrimination experiments) or a noise mask that is the sum of sinusoids of a broad range of spatial frequencies and orientations (for detection in noise experiments). Measurements of CDTs in filtered noise should also produce a dipper effect, again depending on the characteristics of the stimulus patterns. If the dipper effect is caused by subthreshold summation then it should be seen when the contrast of those spatial frequency components of the noise similar to the signal spatial frequency are neat" threshold. In contrast, if the dipper eftect is caused by a reduction in uncertainty due to a decrease in the number of irrelevant channels, therJ the dipper effect should be seen when the test stimulus is Iar outside the pass band of the noise filter, (noise contrast is zero in the channel mediating detection), but only when the noise provides some information about the stimulus (e.g. the temporal interval in which the stimulus appears). Facilitation of a periodic signal by noise is known as stochastic resonance (SR), and has been observed in diverse non-linear biological Levin & Miller, 1996 : Collins, Chow, & Imhoff, 1995 and physical (Fauve & Heslot, 1983; Benzi, Sutera, & Vulpiani, 1981) systems. When noise is added to a subthreshold, periodic signal, the signal plus noise will occasionally exceed the threshold. The probability of exceeding the threshold is greater when the signal is at its peak value, thus most detections occur at the peak and the periodicity of the signal is observed. Because of the non-linearities in the visual system, it is not unreasonable to expect that SR would be observed.
Facilitation of either luminance or chromatic gratings in the presence of noise, either white or filtered, has nol been reported previously (Thomas, 1985 : Rovamo, Franssila, & Nasanen, 1992 : Rovamo, Kukkonen. Tippana, & Nasanen, 1993 Henning et al.. 1981; Stromeyer & Julesz, 1972; Chen, Tsou, & Grigsby, 1994; Losada & Mullen, 1995; Pelli, 1985 Pelli, , 1990 . Although the authors do not report it, a small facilitory effect is evident in the data of Losada & Mullen (1995) and Gegenfurtner & Kiper (1992) , but only for detection of chromatic gratings. Van Meeteren & Boogaard (1973) measured an improvement in contrast sensitivity to speck images when the speck intensity was increased to the point where specks were visible as noise. However, an increase in speck intensity also increased the mean luminance of the pattern, thus the effect of noise is confounded with the effect of luminance.
The lack of facilitation of contrast discrimination thresholds by noise masks may be attributed to the characteristics of the stimulus patterns. showed that the dipper effect is quite small for 0.8 cpd gratings: thus, the lack of facilitation in the data of Losada & Mullen (1995) may be attributed to the 0.5 cpd test gratings used. also showed that the dipper effect is quite small when the temporal modulation of the test grating (4 Hz) is quite different from that of the pedestal (steady). Therefore, the lack of facilitation in the data of Gegenfurtner & Kiper (1992) , Pelli (19851 and Stromeyer & Julesz (1972) may be attributed to the high temporal modulation of the background noise compared with the test grating. The lack of facilitation in the data of Thomas (1985) and Rovamo et al. (1992) may be attributed to the use of noise levels greater than threshold, because the authors were not looking for facilitation . Henning et al. (1981) did not use grating frequencies sufficiently outside the pass baud. thus the noise energy neat" the target spatial frequenc 3 may have been too high (all contrast deteclion threshold-, were elevated
The present study searches for luminance noise l-aciiitation of one-dimensional sinusoidal stimuli embedded in two-dimensional static noise. Spatial lrequency of the sinusoidal stimuli ranged from 1.4 to 2~? cycles per degree (cpd); noise spectral power densit3 ~ THE EFFECT OF WHITE AND FILTERED NOISE ON CONTRAST DETECTION THRESHOLDS 269 ranged from 0.00133 to 0.0533/deg2; thus, characteristics of signal stimuli and noise masks which may have precluded facilitation in the above studies were avoided in the present study. In order to distinguish between subthreshold summation and uncertainty reduction, both band-limited white noise, as well as low-pass and highpass filtered noise were used. Subthreshold summation is not expected to produce facilitation of signals outside the pass band of the mechanism mediating detection, whereas uncertainty reduction is expected to produce such facilitation. The results of these experiments are modeled using equations which take into account the pass band of visual channels, as well as uncertainty reduction.
The agreement between the model and the data support the conclusion of Losada & Mullen (1995) , and Rovamo et al. (1992) , that the spatial frequency sizes of visual channels are constant in octaves.
The next section explains in detail the characteristics and method of generation of the stimuli, and the twointerval forced-choice procedure used to measure the CDTs. The third section describes the results of the experiments. The fourth section describes a model and compares the model predictions with the results. The paper concludes with a summary and discussion of the results. 
METHODS

Observers
Six people--four trained image analysts, the author (observer 2) and an additional person--served as observers, but not every observer participated in every experiment. All observers were either emmetropic or corrected for myopic and astigmatic refractive errors. Observers viewed the display binocularly at a distance of 12 feet using natural pupils.
Apparatus
The experiments were run on a Macintosh II computer using a modification of the spatial psychophysics software written by Hugh Wilson. Stimuli were displayed on a Macintosh color monitor. The monitor was 23.5 cm wide (640 pixels wide) by 7.2 cm high (480 pixels high). Each pixel subtended 0.0367 cm; thus, at the viewing distance of 12 feet each pixel subtended 0.00577 deg of visual angle. The luminance response of the display as a function of the command level was measured using a UDT photometer. The response was linearized with digital gamma-correction, which decreased the available luminance levels from 255 to 150. A 4-fold increase in the number of luminance levels (and a consequent decrease in the minimum Michaelson contrast from 0.013 to 0.003) was achieved by dithering each 2×2 block of pixels. Dithering was performed for all but the 28.9 cpd stimulus.
Procedure
A two-interval forced-choice (2IFC) procedure was used to measure contrast detection thresholds. One trial consisted of the presentation of two patterns in separate temporal intervals, each of 500 msec duration. One temporal interval contained the "noise plus signal" stimulus, the other temporal interval contained the "noise only" stimulus. The two temporal intervals were separated by about 500msec. Subsequent to each temporal interval, a tone sounded to indicate to the observer that a stimulus had been presented. A trial was initiated by a button press by the observer, thus the experiment proceeded at a pace determined by the observer. Subsequent to each trial, the observer indicated which interval contained the target signal by pressing either the "1" or "2" on the keyboard. One repetition of the experiment consisted of 160 trials: four different contrast values which bracketed the observer's estimated CDT were presented 40 times each. Contrast values were separated by 0.2 log units. The CDT for a single spatial frequency embedded in background noise of a single variance was calculated from each experimental run. From the percent correct values at each of the four contrasts, a maximum iikelihood estimation procedure was used to calculate the CDT that would yield 75% correct responses (note that 50% correct is random performance). Each experimental run was repeated three times to verify the repeatability of the CDT. Prior to the first repetition of 270 K.T. BLACKWELL et al. 
10 100
Spatial Frequency (cpd)
THE EFFECT OF WHITE AND FILTERED NOISE ON CONTRAST DETECTION THRESHOLDS
271 each experiment, a pilot/training run of 60 trials (10 each at six contrast levels) was performed to estimate the approximate value of the CDT, and for observers to become acquainted with the procedure and task. Consequent to the three repetitions of the experiment, all the data were pooled, and a maximum likelihood procedure was used to simultaneously estimate the contrast corresponding to 75% correct responses and the variance of that contrast estimate using 480 trials from each observer. Specifically, Rao's method of scoring (Rao, 1973) for Yes/No data (Bernoulli trials) was used to fit a Weibull cumulative distribution function (CDF) to the cumulative probability of correct response at each contrast. Then, the contrast which yielded 75% correct responses and the standard error of the contrast value was computed from the Weibull CDF.
Stimulus
The stimuli were vertical one-dimensional sinusoidal gratings embedded in two-dimensional static noise. The stimulus was viewed within a circular aperture of 400 pixels diameter, which subtended 2.3 deg of visual angle at 12 feet. Each pixel in the background noise pattern, B(x,y), was independently and identically distributed with a log normal statistical distribution. A simple method for creating log normally distributed noise (Johnson & Kotz, 1970) , was to assign each pixel in the background, B(x,y), the exponential of a value randomly drawn from a normal distribution with mean p and variance o-2:
B(x, y) = exp(z), where z ~ N(p, ~r 2)
In the noise generation process, the parameters p and o -2 were such that
where #1 and #2 were the mean and variance of the log normal noise, respectively.The signal stimulus, T(x,y), was a one-dimensional sine wave added to the background noise:
where C was the Michaelson contrast and f was the spatial frequency in cpd. In all the experiments the log normal noise mean, #1, had a value of 49.7 candelas/meter squared (cd/m2). In the white noise experiments, the noise spectral density was constant up to the Nyquist frequency determined by pixel size of the display. The Nyquist frequency was 43 cpd for dithered pixels, and 86 cpd for non-dithered pixels. Five different variance (#2) values were used which corresponded to RMS contrasts (standard deviation divided by the mean) of 0, 0.0422, 0.0843, 0.133, 0.266, and noise spectral densities (computed by dividing squared RMS contrast by squared Nyquist frequency, in units of deg 2, Legge, Kersten, & Burgess, 1987) of 0, 2.37 x 10 7, 9.48 x 10 -7, 2.36 x 10 -6, 9.43 × 10 -6, respectively. A variance of 0 resulted in a background of constant luminance, i.e. no noise. The maximum variance was chosen to ensure that less than 0.5% of the pixel values would be saturated when the signal contrast was 0.63. This ensured that the statistical distribution did not differ significantly from log normal. Ten different spatial frequencies served as signal stimuli for the experiments: 1.41, 2, 2. 83, 4, 5.66, 8, 10.83, 14.5, 21 .67 and 28.9 cpd. The background area outside the stimulus was of luminance 49.7 cd/m 2, and extended from the stimulus to the edge of the monitor, for an area of 3.7 deg.
Software and hardware constraints prevented the use of a different background noise pattern for each trial because all the stimuli were stored on a hard disk drive and all the stimuli to be used for a particular experimental condition were loaded into memory by the software program. The number of different exemplars of each noise pattern was chosen to prevent an observer from learning to recognize an arbitrary noise pattern and using that pattern as a cue for deciding which interval contained the stimulus. Thus, at each spatial frequency and at each contrast level (including the 0 contrast reference stimulus), four different backgrounds were created for the white noise of RMS contrast 0, 0.0422, 0.0843, and 0.133. Based on observer's reports of the saliency of the noise during pilot experiments, six different backgrounds were created at each spatial frequency and contrast level for the white noise of RMS contrast 0.266, and for all filtered noise patterns. This method of using a finite set of noise stimuli was similar to that of Rovamo et al. (1992 Rovamo et al. ( , 1993 .
Filtered noise was created by applying a 5 pole Butterworth filter (either low-pass or high-pass) with cutoff frequency of 5 cpd to white noise of RMS contrast 0.266. Figure 1 shows the amplitude spectrum of the filters as a function of spatial frequency. Noise spectral density of spatial frequencies within the pass band of the filter was approximately equal to that of the white noise with RMS contrast of 0.266. Noise spectral density of spatial frequencies outside the pass band was close to ,,:ero. RMS contrast of the low-pass filtered noise was 0.02~*1. and of the high-pass filtered noise was 0.266.
The use of a finite set of noise stimuli increased the possibility that the measured threshold would deviate from the "true" threshold due to the chance occurrence of a pattern with significantly more or iess energy than average in a particular spatial frequency band. Thus. in cases where the measured contrast detection threshold deviated significantly from that expected according to published reports, or from that expected by the observers' contrast detection threshold for "adjacent" noise levels or spatial frequencies, all three repetitions were repeated using a new set of noise stimuli. In these cases, the reported contrast threshold was computed from the average of the two sets of repetitions. Because the facilitation results were novel, all thresholds showing facilitation in the presence of filtered noise were based on two sets of repetitions, each set using a different set of noise stimuli. Figure 2 illustrates contrast detection thresholds vs spatial frequency as a function of white noise contrast; Fig. 2(a) shows CDTs averaged over five observers; Fig.  2(b-f) shows CDT for observers 1-5, respectively. The error bars are two standard errors and are not corrected for multiple pairwise comparisons. In Fig. 2 (a) the error bars are computed from the average of the variance estimates from the individual observers. In Fig. 2 (b-f) the error bars are two standard errors estimated from the maximum likelihood procedure used to estimate CDTs at each spatial frequency and each noise level. Confirming previous results, this figure shows that CDTs increase (or are constant) as spatial frequency increases at all noise levels. As shown by Rovamo et al. (1993) , the increase in CDTs with spatial frequency is flatter at high noise levels than at low or no noise. The effect of noise on CDTs is a function of noise contrast and spatial frequency of the signal stimulus. Small amounts of noise (RMS noise contrast less than 0.0843) do not increase CDTs at any spatial frequency: for all observers, the curves for 0.0422, and 0.0843 RMS noise contrast are lower or equal to the curve for no noise. Large amounts of noise do increase CDTs of low spatial frequencies (2-8 cpd): the low frequency end of the CDT curves are displaced upwards for values of RMS noise contrast greater than 0.0843. However, large amounts of noise do not increase CDTs of high frequency sine waves, i.e., 28.9 cpd: the CDT of the 28.9 cpd grating (right-most points on the curves) is independent of noise level for all observers. The minimum CDT varies considerably among observers, ranging from 0.003 for observer 5 to 0.009 for observer 4 for a 2 cpd grating in no noise. It was not possible to determine the CDT for a spatial frequency of 29.5 with a noise contrast of 0.266 for observer 4 because it was not possible to create a signal stimulus of sufficient contrast (Michaelson contrast greater than 0.63 was required) without overly truncating the noise distribution. Figure 2 also illustrates the facilitatory effect of small amounts of noise on CDTs of low frequency sine waves. The low frequency end of the average CDT curves are displaced downward for RMS noise contrast equal to 0.0422, and the CDT curve for noise contrast equal to 0.0843 is nearly identical to that in no noise. The facilitatory effect of small amounts of noise on CDTs of low frequency sine waves varies considerably among observers. For observers with relatively high no-noise CDTs (observers 3 and 4), noise contrast of both 0.0422 and 0.0843 are facilitatory. For these observers, the low frequency end of the CDT curves are displaced downward for RMS noise contrast equal to 0.0422 or 0.0843, and the CDT curve for noise contrast equal to 0.133 is nearly identical to that in no noise. For the other three observers (1, 2 and 5) only the noise contrast of 0.0422 is facilitatory. The low frequency ends of the CDT curves are displaced downward for RMS noise contrast equal to 0.0422, and the CDT curve for noise contrast equal to 0.0843 is nearly identical to that in no noise. Figure 3 illustrates the effect of a frequency-dependent noise spectral density function on CDTs; Fig. 3(a) shows the data averaged over the three observers that performed the filtered noise experiments; Fig. 3(b~l) shows the data for observers 2, 3 and 6, respectively. The curves for no noise and white noise are plotted for comparison purposes. The error bars are two standard errors estimated from the maximum likelihood procedure. These figures demonstrate that filtered noise increases the CDTs of spatial frequencies within the pass band of the filter. CDTs of the low frequency sine waves (1.41, 2, 2.83 and 4 cpd) in low-pass filtered noise and of high frequency sine waves (8, 10.83, 14.45) in high-pass filtered noise are similar to CDTs in white noise with an RMS contrast of 0.266. CDTs of the high frequency sine waves in low-pass filtered noise and low frequency sine waves in high-pass filtered noise are similar to CDTs measured in no noise.
RESULTS
Similar to the effect of low contrast white noise, filtered noise has a facilitatory effect on sine waves far outside the pass band of the filter. The CDT of the 1.41 cpd sine wave in high-pass filtered noise is less than the CDT of the 1.41 cpd sine wave in no noise and the CDT of the 10.83 and 14.45 cpd sine waves in low-pass filtered noise are less than the CDTs of the 10.83 and 14.45 cpd sine waves in no noise. The cause of this facilitatory effect is discussed in the model development section
MODEL DEVELOPMENT
In this section, a model is developed that predicts CDTs as a function of noise characteristics, including the threshold facilitation by low noise levels, illustrated in Figs 2 and 3. Figure 3 confirms prior observations (Stromeyer & Julesz, 1972; Wilson, McFarlane, & Phillips, 1983; Losada & Mullen, 1995 : Henning et al., 1981 Solomon & Pelli, 1994; Myers & Barrett, 1987) that noise within a critical bandwidth affects signal detection. Thus, the first step was to apply the model developed in those studies to the data collected here. Equation (4) computes the CDT as proportional to the noise spectral density within the critical band of the signal detector (Legge et al., 1987; Burgess et al., 1981 : Henning et al., 1981 Daly, 1989) :
where Ni(f) is the observer's internal noise, k is a constant 
where c.b. is the critical bandwidth, fx and fy are the frequency in the x and y direction, and SPD(fx, fy) is the noise spectral density as a function of spatial frequency. In other words, at threshold, signal to noise ratio (SNR) is constant (Perkins & Landy, 1991) , where noise energy is measured as the mean spectral density within the channel mediating detection. According to this model, noise free CDTs are proportional to the square root of the observer's internal noise. The effect of this equation is that when the external noise is much smaller than the internal noise, CDTs are independent of external noise, but when external noise exceeds internal noise, then CDTs increase with external noise spectral density. The critical bandwidth of the detectors in equation (5) is estimated from results of Stromeyer & Julesz (1972) , who estimate the critical band as plus or minus one octave centered about the signal spatial frequency. The size of the lowest frequency detectors (1.41 and 2.0 cpd) was 1.5 octaves, based on Wilson & Gelb (1984) , who show that the channel bandwidth of frequencies less than or equal to 2.0 cpd, is approximately 50 percent greater than that of the higher frequency channels. Figure 4 (a, b) plots predicted mean contrast thresholds as a function of spatial frequency with the noise characteristics as a parameter (k = 4.68 for white noise, 3.75 for filtered noise). These plots are similar to those in Fig. 2(a) and Fig. 3(a) , except for one systematic deviation. In the instances where contrast threshold with noise is less than contrast threshold without noise, the model predictions overestimate the measured thresholds: i.e., equation (4) and equation (5) do not (and cannot) predict the noise facilitation.
Equation (5) above is similar to Eq. (5) of Losada & Mullen (1995) , but approximates the shape of the visual mechanisms as constant within the critical band. Computing Ne as the integral of the product of the noise spectral density function and a function describing the shape of the visual mechanism mediating detection (from Wilson & Gelb, 1984) , as in Eq. (5) of Losada & Mullen, does not improve the fit of Fig. 4(a) to the data (results not illustrated); thus the simpler formulation is retained.
As described in the Introduction, many models of facilitation have been proposed and may account for the facilitation reported in these experiments. (1) Subthreshold summation, either linear or non-linear (Legge & Foley, 1980; Foley, 1994 . The low variance noise used in the white noise experiments was near the detection threshold, and may have added to the near threshold sine wave to create an above threshold signal. This explanation is consistent with the observation that observers with relatively large no noise CDTs showed a facilitatory eft~c~ with higher contrast background noise. (2) Models with an accelerating non-linearity. For example, the model of Foley (1994) predicts facilitation when the masker is of different orientation from the target stimulus. (3) The facilitation may be caused by a decrease in uncertainty about which temporal interval the stimuli appeared. According to the uncertainty model (Pelli, 1985) , an observer monitors many channels of information, only a small subset of which are relevant to the detection task. For this experiment, the channels may correspond to different spatial frequencies, spatial locations, time intervals, etc. Pelli (1985) has shown that a decrease in uncertainty about any aspect of the stimuli results in a decrease in thresholds. In the present experiments, when noise is present in the stimulus, the observer is no longer uncertain about exactly when the stimulus has been presented (in fact, observers report that the presence of noise makes the experiment easier in some ways; the auditory signal indicating a stimulus has been presented is not necessary in these trials). Thus, the uncertainty model would predict a drop in CDT due to a decrease in uncertainty. (4) Stochastic resonance, in which the response of a non-linear system to a weak periodic signal is optimized by the presence of noise, is yet another explanation for the observed results.
Subthreshold summation cannot explain the facilitation of sine wave frequencies far outside the pass band of the high-pass and low-pass noise because the noise energy is practically zero in the critical band of those frequencies. Thus, equation (4) was modified to model the reduction in uncertainty introduced by the presence of the noise mask. The uncertainty model predicts a linear decrease in noise-free CDT as the log of the uncertainty is decreased (Pelli, 1985) . This effect is included in the model as a linear decrease in the noise-free CDT:
where CDT(f,0) is the no-noise contrast detection threshold, functionally equivalent to Ni in equation (4), AU is the decrease in uncertainty commensurate with the knowledge of the exact temporal interval of the stimuli, k is a constant, and Ne is the external noise computed using equation (5). Figure 4 (c, d) plots predicted mean contrast thresholds predicted by equation (5) and equation (6) as a function of spatial frequency with noise characteristics as a parameter. The parameters k and AU are estimated using the SPSS non-linear regression procedure, which uses the Levenberg-Marquardt method to find parameters which minimize the sum of squared residuals, k= 4.34 and AU= 0.00236 for all experiments, no dependence on contrast was assumed. These plots are similar to those in Fig. 2(a) and Fig. 3(a) , supporting the uncertainty model, and explaining the noise facilitation seen for the first time in these experiments.
To further demonstrate the plausibility of the observed facilitation, a non-linear model of signal processing is described, and shown to exhibit SR with both white and ~!tered noise. The model is similar t,o those in Ak~t~,',u & (4) and equation (5) fit to data in Fig. 2(a) . (b) equation (4) and equation (5) fit to data in Fig. 3(a) . The predictions in these curves differ from Fig. 2(a) and Fig. 3(a) in one aspect. In the instances where contrast threshold with noise is less than contrast threshold without noise, the model predictions overestimate the measured thresholds, i.e. Equation (4) and equation (5) do not (and cannot) predict the noise facilitation. (c) equation (5) and equation (6) fit to data in Fig. 2(a) . (d) equation (5) and equation (6) fit to data in Fig. 3(a) . These plots are similar to those in Fig. 2(a) and Fig. 3(a) , supporting the uncertainty model, and explaining the noise facilitation seen for the first time in these experiments. Legge (1995) in which observers use local features to discriminate between two stimuli. The model has the following stages: (1) a threshold is applied to the stimulus (either noise alone, or signal plus noise) in order to detect luminance peaks. (2) The assumption of labeled visual channels is made, and the ratio of the response of the appropriate channel to the mean response of other channels is computed (signal to noise ratio, SNR). In the example, the SNR was computed from the Fourier transform of the thresholded stimulus as the ratio of energy at the signal frequency to the mean energy. distributed, zero mean, white noise, sinusoidal signal plus noise, and thresholded signal plus noise. The amplitude of the sinusoid without noise was below the threshold. Figure 5 (a) shows that SNR peaks for a non-zero value of noise. SNR of the noise alone = 1.04 + 0.50. Figure 5 (b, c) illustrate SR using low-pass (b) and high-pass (c) filtered noise with a cut-off frequency of 5 cpd. SNR of both a 1.5 and 10.67 cpd sinusoid peaks for non-zero noise, even though the noise energy at 10.67 cpd is near zero for the low-pass filtered noise, and the noise energy at 1.5 cpd is near zero for the high-pass filtered noise. This model was intended to illustrate the plausibility of filtered noise facilitation of detection thresholds, consequently, details required to reproduce the observed results (e,g. a decision criterion, and accelerating non-linearity necessary for masking) were not included.
DISCUSSION
This is the first report of the facilitatory effect of small amounts of noise on CDTs of low frequency sine waves. The low frequency end of the average CDT in white noise curves are displaced downward for RMS noise contrast equal to 0.0422, and the CDT curve for noise contrast equal to 0.0843 is nearly identical to that in no noise. Similar to the effect of low contrast white noise, filtered noise has a facilitatory effect on sine waves far outside the pass band of the filter.
Luminance noise facilitation of luminance contrast detection thresholds has not been demonstrated previously, but it is not entirely unexpected because facilitation has been demonstrated in contrast discrimination thresholds. Also, facilitation of contrast thresholds in noise has been demonstrated in some conditions, although the authors do not report it. Some of the data of Legge et al. (1987) show facilitation of contrast discrimination in noise for some values of pedestal contrast. Losada & Mullen (1995) show facilitation of chromatic stimuli in luminance noise, but not chromatic stimuli in chromatic noise. In contrast, Gegenfurtner & Kiper (1992) show facilitation of chromatic stimuli in chromatic noise, but not chromatic stimuli in luminance noise. Although crossed mode facilitation of gratings by pedestal gratings may be attributed to phase effects (Mullen & Losada, 1994) , this is not a likely cause of facilitation in noise because the random noise serves to randomize phase effects.
Of interest is why the experiments in this study demonstrated facilitation when several others did not. As mentioned in the Introduction, the facilitation seen in contrast discrimination is strongly dependent on spatial and temporal characteristics of the stimuli and noise. Since luminance noise masking is analogous to contrast discrimination, the two probably share the same dependency on spatial and temporal characteristics of the stimuli and noise. In addition, facilitation only occurs for near threshold pedestal contrast. The low noise energy used in these contrast detection experiments is qualitatively comparable with the near threshold pedestal contrasts used in the contrast discrimination experiments. (Although noise contrast thresholds were not determined, some of the observers reported not being able to see the background noise pattern for the 0.0422 noise contrast trials.) The dependence of facilitation on low contrast noise masks was demonstrated in this study, confirming that noise and pedestal facilitation share this characteristic. Previous studies of noise masking used either different temporal frequency for noise and stimulus (Stromeyer & Julesz, 1972) , a signal frequency that was too low (Losada & Mullen, 1995) , or noise contrast that was too high (Thomas, 1985; Rovamo et al., 1992) . Thus, the occurrence of noise facilitation in this study, but not others, may be a consequence of the static, low contrast noise in combination with middle frequency sine waves used in the study. The smallest noise contrast used by Thomas had a spectral density approximately equal to that of the 0.0843 contrast white noise in this study; a contrast at which most of the observers did not demonstrate noise facilitation. Thus, the occurrence of noise facilitation in this study, but not others, may be a consequence of the static, low contrast noise in combination with middle frequency sinusoidal gratings used in the study.
Facilitation by filtered noise stimuli is a form of cross band facilitation in that the noise signal is processed in a different visual channel than the stimulus signal. This demonstration of cross band facilitation suggests that facilitation of contrast discrimination thresholds should be seen with maskers of disparate orientation or spatial frequency. In fact, some previous experiments did demonstrate such facilitation (Ross et al., 1993; Foley, 1994) , and the effect was small, as in the present experiments.
A possible cause of noise facilitation is subthreshold summation, which accounts for the measured dipper (and bumper) effects in contrast discrimination experiments for a variety of spatial frequencies, mean luminances, and pedestal contrasts, and phase relation between pedestal and signal stimulus . Although the facilitation seen with white noise stimuli could be caused by subthreshold summation, this mechanism is not a plausible cause of the facilitation seen with filtered noise stimuli because there is essentially no noise in the critical band of the facilitated spatial frequencies. Subthreshold summation is one example of a non-linear model which may exhibit SR. Another example is a local feature model, in which a threshold is applied to extract luminance peaks prior to determining the response of visual channels. This latter model was shown to exhibit SR of signal spatial frequencies by noise of quite disparate spatial frequencies. The incorporation of an aspect of the observer uncertainty model (Pelli, 1985) into the equation for contrast threshold in noise was shown to predict the noise facilitation result. Thus, the facilitation may be caused by a reduction in observer uncertainty about the exact temporal interval in which the patterns appeared. Although the uncertainty effect in equation (6) is frequency-independent, its effect psychophysically is frequency-dependent, because of the frequency dependence of the observer's internal noise. The value of AU is comparable with Ni for low frequencies, but is very small compared with the value of Ni for high frequencies. Eskew et al. (1991) show that cross-modal facilitation of contrast discrimination functions (i.e. facilitation of chromatic contrast detection by luminance pedestal) cannot be accounted for by the uncertainty model. The luminance pedestal makes the chromatic stimulus appear crisper in time and space, thus qualitatively there is less uncertainty about the location of the stimulus, suggesting that uncertainty reduction may explain the facilitation. Also, the use of chromatic stimuli on a luminance pedestal ensures that any facilitation cannot be caused by subthreshold summation. However, by measuring facilitation using both a Yes/No paradigm and a forced choice paradigm, they demonstrate that facilitation cannot be explained by the uncertainty model. A distinguishing characteristic of cross mode facilitation is that a suprathreshold pedestal is required (Eskew et al., 1991; Cole et al., 1990) . Cross band facilitation is qualitatively different in that it disappears with suprathreshold stimuli (Foley, 1994) , thus it is possible that the results of Eskew et al. (1991) do not apply to cross band facilitation. Alternatively, since a Yes/No paradigm was not used to measure CDTs and the analysis used by Eskew et al. (1991) was not applied to these data, it remains a possibility that the facilitation seen with filtered noise stimuli is caused by other mechanisms, such as an effect from noise outside the critical band when there is no noise within the critical band (Stromeyer & Julesz, 1972) , other channel interactions (Gegenfurtner & Kiper, 1992; Thomas & Olzak, 1996) , summation with harmonic frequencies (Akutsu & Legge, 1995; Stromeyer & Klein, 1974) , divisive inhibition (Foley, 1994) or the theoretical non-linear SR model proposed herein.
A critical issue addressed by many noise masking experiments is the size of the visual mechanisms mediating contrast detection. Losada & Mullen (1995) demonstrated that the visual mechanisms are of constant size over a limited range of spatial frequencies, when measured in octaves. Rovamo et al. (1992) did not model the effect of spatial frequency of visual channels, however, their data support the conclusion that spatial frequency detectors are a constant size, when measured in octaves, because by varying viewing distance they effectively use noise which is constant in octaves. Based on the data of Stromeyer & Julesz (1972) , this model used a critical bandwidth of two octaves, and, based on the data of Wilson & Gelb (1984) , used a 50% larger critical bandwidth for the lowest frequency sinewaves (1.4 and 2 cpd). To the extent that the model is a good fit to the data, this study supports the hypothesis that visual mechanisms are symmetric, and of constant size in octaves, for all but the lowest spatial frequencies.
Equation (6) has the effect of separating Ni of equation (1) into two terms: CDT(f,0) and AU. Since CDT~,0) is frequency-dependent, some of the internal noise represented by this term is probably located prior to the decision-making point, i.e. it is channel-dependent. This explanation is supported by the work of Losada, Navarro, & Santamaria (1993) , who show that much of the CDT~,0) variation is explained by optical factors. Since AU is independent of spatial frequency, this term probably reflects noise at the decision-making stage.
Similar to Rovamo et al. (1992) , this study was unable to show an elevation in CDT with noise for extremely high frequency stimuli. Two factors may contribute to this result: (1) the frequency dependence of noise-free CDTs; and (2) the MTF of the monitor. The noise-free CDT of a high frequency stimulus is quite high, i.e. Niq) is large for high frequency stimuli, mostly due to optical factors (Losada et al., 1993; Rovamo, Mustonen, & Nasanen, 1994) . Consequently, Ne is much less than Ni for f greater than 12 cpd, and CDT is independent ofNe. Forfless than 12 cpd, Ne is greater than Ni(f) and CDTs in noise are greater than noise-free CDTs. This implies that to demonstrate an elevation of CDT of high-frequency stimuli would require noise with a much higher RMS contrast used in this study. In fact, it is not possible to create a noise pattern with a sufficiently high RMS contrast using a computer monitor. Furthermore, although the digital bit pattern of the noise was white up to the Nyquist frequency, the luminance pattern of the noise was not white, because the MTF of the monitor attenuates high spatial frequencies. Artigas, Felipe, & Buades (1994) created grating patterns in noise using laser illumination of photographic film. Although they do not report the variance of the laser speckle, the variance of speckle in coherent imaging systems (e.g. lasers) equals the mean (Dainty, 1971; Kozma & Christensen, 1976) yielding an RMS noise contrast of 1.0, which is significantly greater than the largest RMS noise contrast used by either Rovamo or the present study. As such, Artigas et al. demonstrate a significant increase in CDT with noise even for high spatial frequency gratings.
These experiments were motivated, in part, by the desire to improve the quality of Synthetic Aperture Radar (SAR) images, which are coherently generated images and, thus, have noise with a Rayleigh distribution (Dainty, 1971; Kozma & Christensen, 1976) , which is an asymmetric long-tailed distribution (Johnson & Kotz, 1970) . The statistics of a SAR image of a scene with specular objects is better described by a log-normal distribution, another asymmetric, long-tailed distribution. Most investigations of the effect of noise on contrast detection use either Gaussian or uniformly distributed noise; both distributions are symmetric. To demonstrate that the effect of noise on contrast detection and discrimination thresholds are relevant to the quality of SAR imagery, noise with a log-normal distribution was used in the present study. The increase in CDT with noise of middle but not high spatial frequencies confirms previous results, and demonstrates that the noise distribution has little, if any, effect on the results. Thus, the measurements of facilitation in noise are not likely due to the statistical distribution of the noise. Furthermore, the results show that much of the previous research on CDTs in noise, which used symmetrical distributions, one-dimensional, or dynamic noise, are applicable to coherently generated images such as SAR imagery.
The results of this study support the hypothesis that detection thresholds are affected by noise whose spatial frequency is within one or two octaves of the target spatial frequency, even when the noise has a long-tailed, asymmetric distribution. Most image enhancement algorithms currently in use reduce the high frequency component of the noise, at the expense of slightly increasing the low frequency component of the noise. In SAR images, objects of interest are composed of aggregates of pixels, and thus most of the information in SAR images is in the middle to low frequencies. Consequently, decreasing the high frequency component of the noise (all else being equal) has no effect on improving the perceptibility of these low to middle frequency objects (e.g. Myers et al., 1985) . Further, the increase in low to middle frequency noise gives a perception of blurriness, even for those algorithms in which it can be shown mathematically that the edges in the noise reduced image are as sharp as the edges in the original image (Crimmins, 1985) . Thus, noise reduction techniques must be carefully tuned to reduce the noise of low to middle spatial frequencies, not the high spatial frequencies. This study suggests that image enhancement algorithms which whiten or decorrelate the noise, i.e. decrease the low frequency component of the noise, would have a favorable effect on image quality (Stankwitz, Dallaire, & Fienup, 1995) .
